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Abstract: This paper analyses the Multiple-Input Multiple-Output (MIMO) capacity in a residen-
tial house. The capacity calculation is based on physical radio channels estimated from channel
sounding measurements. Both specular and dense multipath components are estimated from the
channel sounding data with the RiMAXmaximum-likelihood algorithm. In particular, the capacity
analysis is made for a 2× 2 IEEE 802.11n MIMO system that conforms to the legacy mode of the
standard and operates in the 2.4 GHz ISM band. The contribution of dense multipath to the channel
capacity is quantified by calculating the capacity of radio channels for which the dense multipath is
ignored and only the specular multipath is retained. It is found that ignoring dense multipath under-
estimates the capacity on average by 1.1, 9.1, and 37.8% for line-of-sight, obstructed line-of-sight,
and non-line-of-sight situations, respectively.
1. Introduction
In this paper, the wireless capacity of an IEEE 802.11n system in a residential house is simulated
starting from measurement-based multipath radio channels. The IEEE 802.11n system operates
in the 2.4 GHz frequency band. A capacity simulation methodology is developed wherein the
physical-layer parameters of IEEE 802.11n (FFT size, guard interval, etc.) can be configured
manually. The geometrical properties of the MIMO antenna arrays can also be specified, together
with the full-polarimetric complex antenna radiation patterns. The proposed capacity-estimation
methodology is useful for the inclusion in indoor network planning software such as [1].
The multipath radio channels are extracted from frequency-swept radio channel sounding mea-
surements done with a vector network analyzer and virtual antenna arrays. The multipath compo-
nents are estimated from the measurement data with the RiMAXmaximum-likelihood method [2].
The multipath channels consist of both Specular Multipath Components (SMCs) and Dense Mul-
tipath Components (DMC). The inclusion of DMC in radio channel models has been promoted by
the recent European COST actions 2100 [3] and IC1004 [4]. DMC follows from the observation
that SMCs alone often appear to be insufficient to account for all multipath energy in a radio chan-
nel. Capacity analyses of DMC-inclusive radio channels are scarce in literature: examples can be
found in [5] and [6], both for outdoor environments.
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2. Channel sounding measurements
Frequency-swept channel sounding measurements were done in different rooms of detached res-
idential house located in a rural area. A Vector Network Analyzer (VNA, Rohde & Schwarz
ZNB20) was used to sample the radio channel between 2.47 GHz and 2.55 GHz (80 MHz band-
width). The channel is sampled inMf = 200 equally spaced frequency points. The VNA calibra-
tion includes the feeder cables for the transmitting antenna (Tx) and the receiving antenna (Rx).
At both the transmitting and the receiving side, an automatic positioning system was used to
create virtual antenna arrays. At both link ends, the virtual array is made up of two vertically-
stacked planar horizontal Uniform Circular Arrays (UCAs) of eight antenna elements each. Thus,
at the transmitting (receiving) side, the complete virtual array hasMT = 16 (MR = 16) antennas.
For each Tx and Rx position, one sweep the frequency range was taken. Dual-polarized patch
antennas were used for the Tx and the Rx to register both the horizontal (H) and vertical (V)
component of the electric field. The lowest position of the Tx and Rx patch antennas was 0.80 m
above the floor. No people were present in the house during measurements because of the static
radio channel requirement when using virtual antenna arrays.
The residential house has two floors of equal size. Fig. 1 shows a plan of the ground floor. In
total, 16 Tx-Rx links were measured in and between different rooms in the house. For the first
eight links, the Tx and Rx were positioned on the ground floor. The Tx was installed in the lower-
left corner in Fig. 1 (indicated as Tx1), while the Rx was moved between measurements to eight
different locations across the different rooms on the ground floor (indicated as Rx1 through Rx8).
For the last eight links, the Tx was moved to a fixed position on the first floor (Tx2), while the Rx
was moved to the same eight positions on the ground floor as for the first eight links (Rx1 through
Rx8).
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Figure 1. Floor plan + Tx and Rx locations
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3. Specular and dense multipath estimation
3.1. Signal model for the complex channel gain
It is assumed that the measured complex channel gain vectors hXY ∈ C
MRMTMf×1 are made up of
an SMC part sXY , a DMC part dXY , and a measurement noise part nXY :
hXY = sXY (θs,XY ) + dXY (θd,XY ) + nXY
(
σ2XY
)
(1)
The subscriptsX and Y signify the polarization of the Tx and the Rx, respectively. X and Y are
either horizontal (H) or vertical (V ). It is well-established that hXY follows a complex Gaussian
distribution [2]:
hXY ∼ Nc
(
sXY (θs,XY ) ,RXY
(
θd,XY , σ
2
XY
) )
. (2)
The vector θs,XY combines the multipath parameters describing the SMCs sXY . Part of these
multipath parameters are geometrical in nature: the angles of arrival and departure, and the times
of arrival of the specular multipath components. The geometrical SMC parameters are identi-
cal across all four polarization subchannels XY . Furthermore, θs,XY also includes the complex
amplitudes γXY of the SMCs. The complex amplitudes are not the same between polarization
subchannels because electromagnetic wave interactions depend on the polarization state of the
incident wave.
The DMC dXY and the measurement noise nXY in (1) are characterized by the covariance
matrixRXY in (2). This covariance matrix has the following structure [2]:
RXY
(
θd,XY , σ
2
XY
)
= Rd,XY (θd,XY ) + σ
2
XY IM
= IMR ⊗ IMT ⊗Rf,XY (θd,XY ) + σ
2
XY IM .
(3)
In (3), Iκ is the identity matrix of size κ, the ⊗ operator is the Kronecker product, and M =
MRMTMf . In (3), the measurement noise is assumed to be independent and identically distributed
complex Gaussian noise with variance σ2XY . The DMC covariance matrix Rd,XY is uncorrelated
in the spatial domains at the receiver (IMR) and at the transmitter (IMT ), and is correlated in the
frequency domain (Rf,XY ). Without going into detail, the mathematical expression of Rf,XY is
derived from the DMC power delay profile ψXY (τ) as function of time-delay τ . The DMC power
delay profile follows an exponential law [2]:
ψXY (τ) = αd,XY e
−βd,XY (τ−τd,XY ). (4)
In (4), αd,XY , βd,XY , and τd,XY are parameters describing the DMC of polarization subchannel
XY , which are combined in the DMC parameter vector θd,XY .
3.2. RiMAX maximum-likelihood estimation
Maximum-likelihood estimates of θˆs,XY , θˆd,XY , and σˆ
2
XY are obtained from the radio channel
measurements using the RiMAX framework [2]. Our RiMAX code contains an implementation
of the Effective Aperture Distribution Function (EADF) framework detailed in [7]. The EADF
accounts for the effect that the Tx and Rx radiation patterns have on the channel sounding data (a
so-called non-channel effect).
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The RiMAX algorithm is an iterative algorithm. In each iteration, the following procedure takes
place. Firstly, the power angular-delay spectrum is calculated from the measured channel gain
vector hXY . From this spectrum, five SMCs are initialized as the five largest local maxima. These
five SMCs serve as rough initial estimates of the corresponding true SMCs. Secondly, the rough
SMC estimates are made to converge towards their true counterpart by solving the maximum-
likelihood optimization problem with the fast-converging Levenberg-Marquardt algorithm. In the
final step, the DMC and measurement noise (i.e., the measured channel minus the five SMCs) are
fitted to the data models in (3) and (4).
At the start of each iteration, the five SMCs estimated in the previous iteration are removed from
the measured channel gain vector to allow the algorithm to search for five new paths. Furthermore,
the reliability of each estimated SMC is checked with a criterion based on the SMC power estimate
and its estimation error variance (see [2] and [8] for further details). Estimated SMCs that fail this
criterion are removed from further analysis. The reliability criterion is also used to create a stop
condition for the RiMAX iterations. When all five SMCs in the same RiMAX iteration prove to be
unreliable, then the radio channel is considered to be exhausted of reliable SMC and the RiMAX
algorithm is stopped.
To give an example, Fig. 2 shows the estimated SMCs of the Tx1-Rx3 link. SMCs departing
from the Tx and arriving at the Rx are shown as grey and black lines, respectively. The SMC line
length equals the path length of the specular component scaled to the figure’s dimensions. The
thickness of the SMC lines is proportional to the specular path’s power. For the Tx1-Rx3 link in
Fig. 2, the RiMAX iterations stopped after the algorithm found P = 98 SMCs. For all 16 Tx-Rx
links, the number of SMCs P varied from 11 to 155.
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Figure 2. Estimated SMCs of the Tx1-Rx3 link
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4. Simulated IEEE 802.11n legacy mode system
The capacity simulation is performed for an access point-client link that implements the IEEE
802.11n wireless communication standard [9]. We choose channel 6 in the 2.4 GHz ISM band for
this link (center frequency is 2.437 GHz and bandwidth is 20 MHz). The simulated system has two
antennas at both the Rx and the Tx side (M ′R =M
′
T = 2). The two-antenna arrays are positioned
at the same Tx-Rx locations as in the measurement campaign (Fig. 1). The two antennas of both
arrays are separated along the x-axis in Fig. 2 by half a wavelength corresponding to the channel 6
center frequency. All four antennas are vertically polarized half-wave dipole antennas and have a
maximum gain of 2.15 dBi.
IEEE 802.11n OFDM in legacy mode uses 20 MHz wide channels and a 64-point FFT of which
52 points are datacarriers. The radio channel will be simulated only in the M ′f = 52 datacarriers
as only the datacarriers contribute to the channel capacity. Furthermore, the capacity simulation
takes the 800 ns guard interval used in IEEE 802.11n legacy mode into account. With this guard
interval, the OFDM symbol duration Ts amounts to 4 µs, corresponding to a symbol rate fs of 250
ksymbols/s.
5. Capacity calculation
5.1. Radio channel generation
Radio channel gain vectors1 h′ ∈ CM
′
R
M ′
T
M ′
f
×1 are constructed in accordance with the IEEE
802.11n system specifications given in Section 4. The channel gain vectors are the sum of an
SMC part s′ and a DMC part d′:
h′ = s′ + d′ (5)
The SMC part s′ is constructed as follows:
s′ =
∑
X∈{H,V }
Y ∈{H,V }
[ (
G′R,Y ◦A
′
R
)
∗
(
G′T,X ◦A
′
T
)
∗A′f
]
γˆXY (6)
In (6), the ◦ and ∗ operators signify the Schur-Hadamard and the column-wise Khatri-Rao matrix
products, respectively. A′R ∈ C
M ′R×P , A′T ∈ C
M ′T×P , and A′f ∈ C
M ′
f
×P are steering matrices of
complex exponentials. A′R (A
′
T ) depends on the Rx (Tx) array’s geometry and on the SMC angles
of arrival (departure). The steering matrix A′f depends on the simulated frequency points and on
the SMC times of arrival. Furthermore, G′R,Y ∈ C
M ′
R
×P and G′T,X ∈ C
M ′
T
×P are gain matrices
that multiply the elements of the Rx and Tx steering matrices with the appropriate antenna direc-
tivity. Finally, γˆXY ∈ CP×1 is a vector of the estimated SMC complex amplitudes in polarization
subchannel XY . The sum in (6) is taken over all four polarization subchannels.
For the simulation of the DMC part d′ in (5), we first reconstruct the DMC covariance matrix
R′d,XY ∈ C
M ′×M ′ based on (3) and the estimated DMC parameter vector θˆd,XY :
R′d,XY = IM ′R ⊗ IM ′T ⊗R
′
f,XY
(
θˆd,XY
)
(7)
1In this section, the prime symbol is used to denote variables that follow from radio channel simulation. This is to distinguish them from the
same variables without prime that are associated with the channel sounding and estimation procedures in Sections 2 and 3.
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Following, an eigendecomposition factorization is performed on the reconstructed DMC covari-
ance matrix:
R′d,XY = UXYΛXYU
†
XY (8)
In (8), † is the Hermitian transpose. The columns of UXY are made up of the eigenvectors of
R′d,XY , and ΛXY is a diagonal matrix of the real non-negative eigenvalues. The factorization in
(8) is used to create observations of d′:
d′ =
∑
X∈{H,V }
Y ∈{H,V }
(
UXYΛ
1/2
XY
)
zXY (9)
In (9), zXY ∈ C
M ′
R
M ′
T
M ′
f
×1 contains independent and identically distributed complex Gaussian
random variables with unit variance. For each Tx-Rx link, 200 independent samples of h′ are
generated.
5.2. Capacity of generated radio channels
Per Tx-Rx link, the capacity is calculated for two types of simulated channel. The first channel is
the simulated channel h′ in (5) which includes both the estimated SMC and DMC. For the second
channel, we only consider the simulated SMC part s′ in (6) while ignoring the DMC part d′ in
(9). For the calculation of capacity, the simulated channel and SMC response vectors h′ and s′ are
each first converted intoM ′f channel and SMC matricesH
′
k and S
′
k ∈ C
M ′
R
×M ′
T , where k denotes
the OFDM subcarrier. The simulated capacities C ′ are then computed by summing the partial
capacities of each individual OFDM subcarrier [10]:
C ′SMC+DMC (ρ) =
M ′
f∑
k=1
Er
[
fs log2
(
det
(
IM ′
R
+
ρ
M ′T
αkH
′
k (H
′
k)
†
))]
(10)
C ′SMC (ρ) =
M ′
f∑
k=1
fs log2
(
det
(
IM ′
R
+
ρ
M ′T
αkS
′
k (S
′
k)
†
))
(11)
In (10) and (11), ρ is the Signal-to-Noise Ratio (SNR) at one of the receiving antennas, aver-
aged over all OFDM subcarriers. The expectation Er [·] in (10) is taken over the 200 independent
realizations of the simulated channel. In (11), no expectation is needed because the SMC are
deterministic in nature and remain constant over the 200 realizations. Furthermore, αk is a normal-
ization factor chosen such that the expected value of each element of the complete (i.e., SMC and
DMC inclusive) channel response vector h′ equals one:
αk =
M ′RM
′
T
M ′f
∑M ′
R
m=1
∑M ′
T
n=1Er
[
|H ′k (m,n)|
2
] (12)
Fig. 3 shows the simulated IEEE 802.11n capacity versus SNR of the same Tx-Rx link as in
Fig. 2. It is clear that excluding DMC from the calculation leads to an underestimation of the true
capacity given by the SMC and DMC inclusive channel. It has previously been argued that DMC
can contribute significantly to the channel capacity [5]. The stochastic randomness of the DMC
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gives rise to increased multipath diversity in the radio channel, effectively benefiting the achievable
IEEE 802.11n capacity.
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Figure 3. Capacity versus SNR for the Tx1-Rx3 link
We define the capacity underestimation error of SMC-only channels compared to SMC and
DMC inclusive complete channels as the (percentual) relative capacity difference ∆C ′ between
both types of channel. It will be used in the next section to quantify the capacity underestimation
of a realistic 802.11n usage scenario.
∆C ′ (ρ) = 100 ·
C ′SMC+DMC (ρ)− C
′
SMC (ρ)
C ′SMC+DMC (ρ)
(13)
6. Capacity of SMC-only versus SMC and DMC inclusive channels
In this section, the capacity error ∆C ′ of SMC-only channels is evaluated for a typical IEEE
802.11n usage scenario in a residential setting. A simple link budget calculation is performed for
this scenario with the goal of obtaining a realistic estimate of the receiver Signal-to-Noise Ratio
(SNR), called the application SNR ρA in the following. The application SNR follows the SNR
definition in (10) and (11), in the sense that it is the SNR at one of the receiving antennas averaged
over all OFDM subcarriers. The application SNR in dB is calculated as:
ρA = P + PG −N (14)
Herein,
P = 15 dBm− 10 log
10
(
M ′TM
′
f
)
(15)
PG = 10 log
10

Em,k,r


∣∣∣∣∣∣
M ′T∑
n=1
H ′k (m,n)
∣∣∣∣∣∣
2


 (16)
N = N0 + 10 log10 (BW ) + NF (17)
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P is the transmitted power per transmitting antenna and per OFDM subcarrier. For this sce-
nario, we choose a total RF input power of 15 dBm which is distributed equally between theM ′T
transmitting antennas and theM ′f subcarriers. PG is the path gain in dB calculated from the sim-
ulated channel matrices H ′k. The expectation Em,k,r [·] in (16) is taken simultaneously over the
receiving antennas, the subcarriers, and the channel realizations. The path gain includes the ra-
diation patterns of the transmitting and receiving antennas from the manner in which the channel
matrices are constructed in Section 5.1. N is the noise power at one of the receiving antennas in
dBm, consisting of thermal noise and a noise figure. N0 is the thermal noise spectral density at
25 °C (N0 = -173.9 dBm/Hz) and BW is the bandwidth of the IEEE 802.11n legacy system (BW
= 20 MHz). For the noise figure NF , a value of 10 dB is chosen.
Fig. 4 shows the capacities C ′SMC (ρA) (white bar) and C
′
SMC+DMC (ρA) (black bar) for each Tx-
Rx link. The application SNR ρA in dB is given in brackets below the Rx numbers. The capacity
error ∆C ′ (ρA) is shown in red.
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Figure 4. Usage scenario capacity for each Tx-Rx link + capacity error of SMC-only channels
Of all links, Tx1-Rx1 is the only link with a clear Line-of-Sight (LoS) component. The ca-
pacity error for Tx1-Rx1 amounts to 1.1% and is the lowest of all 16 links. The observation that
the capacity error is nearly negligible for LoS is easily explained by the powerful LoS multipath
component overshadowing the power of the DMC. As such, the capacity of Tx1-Rx1 is largely
carried by the LoS component and the secondary SMC. We consider the shadowing conditions of
the Tx1-Rx2 and Tx1-Rx3 links to be Obstructed Line-of-Sight (OLoS). We define OLoS as the
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situation wherein the LoS component is obstructed, but no through-wall propagation is needed to
reach the Rx. The capacity error of the Tx1-Rx2 and Tx1-Rx3 links is 9.0 and 9.3%, respectively
(9.1% on average). The shadowing conditions of the remaining 13 Tx-Rx links are categorized as
Non-Line-of-Sight (NLoS). For the NLoS links, a significant portion of the multipath energy needs
to travel through walls or the ground floor ceiling in order to reach the Rx. The capacity error of
the NLoS links varies between 7.3 and 70.9% (37.8% on average).
It is observed that the capacity error on average increases as the shadowing conditions become
harsher. This is expected as increased shadowing means that a larger proportion of the radio
channel power will be carried by the DMC. Shadowing of the SMC reduces their power to the point
where the RiMAX estimator cannot reliably detect them among the scattered diffuse multipath [8].
In this case, these low-power SMC are automatically lumped together with the DMC, increasing
the presence and the power of the latter. Finally, it is noteworthy that the capacity underestimation
errors of SMC-only channels reported here are on par with those reported for a 4×4MIMO system
in an macro-cell outdoor environment in [7]. In [7], the capacity underestimation is equally close
to 0% for LoS, and varies between 0 and about 73% for OLoS/NLoS.
7. Conclusions
This work presented a methodology to simulate the MIMO capacities of IEEE 802.11n links based
on empirical multipath radio channels in a residential house. These radio channels include both
specular and dense multipath components estimated with the RiMAX maximum-likelihood algo-
rithm. The capacity calculations are done for a 2× 2MIMO system that employs the legacy mode
of the IEEE 802.11n standard in the 2.4 GHz band. It is found that ignoring dense multipath can
underestimate the MIMO capacity significantly, except for line-of-sight situations. For our resi-
dential scenario, omitting dense multipath underestimates the capacity on average by 1.1, 9.1, and
37.8% for line-of-sight, obstructed line-of-sight, and non-line-of-sight situations, respectively.
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